Surface microtopography plays an important role in overland flow generation and soil erosion processes. Characterization of surface depressions and delineation of the entire watershed are critical to watershed modeling and management. In most hydrologic models, however, surface depression storage is estimated indirectly and inputted as a known value. In addition, it is often assumed that overland flow initiates after all surface depressions are fully filled. In reality, surface microtopography may control overland flow generation, surface runoff, soil erosion, and other hydrologic processes in a dynamic manner. The role of depressions that have various spatial scales and distribution characteristics is far beyond the functions of storing and detaining/retaining surface runoff. In this study, an improved surface delineation method was proposed to identify surface depressions and their relationships, precisely quantify the surface microtopography, and compute the maximum depression storage based on high-resolution DEM data obtained by using an instantaneous-profile laser scanner. Furthermore, a user-friendly, Windows-based software package was developed to facilitate the associated computations and visualization. The delineation method and the related software were tested using various scale DEM data. It is demonstrated that the new delineation approach is effective and efficient.
Introduction
Soil surface microtopography plays an important role in overland flow generation and soil erosion processes (Huang and Bradford 1990; Kamphorst et al. 2000; Hansen 2000; Kamphorst and Duval 2001; Huang 2003, 2005; Abedini et al. 2006) . Surface depressions affect infiltration, surface runoff, and other hydrologic processes in a dynamic manner. In the current watershed modeling practice, however, surface depression storage is often estimated indirectly and treated as a constant. It is also assumed that overland flow initiates after all surface depressions are fully filled. In reality, the role of depressions of various spatial scales can be far beyond the functions of storing and detaining/retaining surface runoff (Chu 2010) . Characterization of surface topography and quantification of depression storage are critical to watershed hydrologic and water quality modeling, and the associated environmental assessment. The maximum depression storage (MDS) can be estimated by surface roughness indices (e.g., Onstad 1984; Mwendera and Feyen 1992; Hansen et al. 1999; Kamphorst et al. 2000) . Methods also have been developed to determine surface depression storage by directly using DEMs (Ullah and Dickinson 1979; Planchon and Darboux 2002 ). In addition, a variety of methods and techniques have been developed for digital terrain analysis, extraction of drainage networks, and delineation of watershed boundaries from DEMs (e.g., Marks et al. 1984; O'Callaghan and Mark 1984; Jenson and Domingue 1988; Jenson 1991; Martz and Garbrecht 1993; Garbrecht and Martz 2000) .
In the current study, an automated algorithm is developed to characterize surface microtopography and precisely compute surface depression storages based on highresolution DEM data obtained by an instantaneous-profile laser scanner (Huang and Bradford 1992; Darboux and Huang 2003) . To facilitate the relevant computation and visualization, a user-friendly, Windows-based software package is developed. Testing of the algorithm and the associated program demonstrates its efficiency and effectiveness. The major unique features of this new surface delineation algorithm include: (1) it takes into account the real puddle filling-merging-spilling process and eliminates the artificial depression-filling pre-processing of original DEMs, which is implemented in existing watershed delineation tools; and (2) a series of schemes have been developed to deal with special topographic features related to complex land surfaces, such as flats, flow over flat surfaces, and combination of multiple puddles.
Methodology
Land surfaces are characterized with depressions, peaks, ridges, and channels. A depression/puddle has at least one center and one threshold. If the elevation of a cell is lower than those of its eight adjacent cells, the cell is identified as the center of a puddle. The threshold of a puddle has the highest elevation for water ponding, beyond which the ponded water spills. If two puddles (1 st level) share a common threshold, they will be merged and form a 2 nd level puddle. Similarly, further combination of such a puddle with others forms higher level puddles. The algorithm developed in this study is used for characterizing soil surface microtopography based on DEM data. It involves identifying puddles, including their centers, thresholds, and all other cells included in the puddles, computing their storages [up to the threshold(s) of a puddle] and the MDS of the entire surface, computing the maximum ponding area (MPA), and determining the levels and the hierarchical relationships of the puddles. Theoretically, the developed method for puddle identification and delineation is scale independent. Different DEMs (both lab and watershed scales) have been used to test this puddle delineation method. For small scale surfaces, the instantaneous-profile laser scanner is utilized to quantify the surface microtopography with a horizontal resolution of 0.98 mm and a vertical resolution of 0.5 mm.
Identification of Puddles:
Based on the DEM data, the center of each puddle is first determined (Fig. 1a) . Following a set of criteria, a searching process is performed to identify all cells to be included in the puddle. Eight neighboring cells of the puddle center are first added to a searching list (Fig. 1a) . Then, the cell with the lowest elevation in the searching list is located (Fig. 1b) and added to the puddle (Fig. 1c) . The searching list is updated by adding more neighboring cells of the puddle (Fig. 1c) .
Such an expansion process continues (Figs. 1d and 1e) until a threshold (overflow point) is found (Fig. 1f) . The puddle, including its center, threshold, and all other cells is identified (Fig. 1g ). In such a way, all first-level puddles are determined.
A puddle may have multiple centers (a flat) and multiple thresholds. A flat may form an individual puddle of zero depression storage. Special rules and criteria are also introduced to account for these special conditions in the searching process. In addition, a puddle may have various relationships with its adjacent puddles. For example, two puddles with a common threshold will be combined during the filling process (Fig. 2) . Thus, a new searching process starts to identify all cells included in this combined puddle at the second level. Such a procedure is repeated until all higher-level puddles are determined. Chu et al. (2010) detailed the procedure for puddle delineation and the methods for dealing with special topographic conditions, such as flats, multiple thresholds, and combination of multiple puddles. 
where MDS l = maximum depression storage of the entire area at level l; n l = number of puddles at level l; m i = number of cells in puddle i; z t,i = elevation of the threshold of puddle i; z i,j = elevation of cell j in puddle i; Δx = size of a cell along x direction; and Δy = size of a cell along y direction.
Windows Interface
A user-friendly Windows interface (Fig. 3 ) has been developed with C# computer programming and Windows GDI+ (Graphics Device Interface). The Windows-based software facilitates data loading, puddle delineation, computation of flow directions and accumulations, computation of depression storages, and visualization of the puddle delineation process and the computation results. The main interface includes a map view for visualizing the results and a control panel for importing DEM data, performing puddle delineation, executing the computation of depression storages, determining flow directions and accumulations, displaying summary results, and accessing more detailed results.
The procedure for puddle identification and computation of the MDS can be summarized as the following three steps: Step 1: Selection of the format and unit of the DEM data and loading of the DEM.
Step 2: Delineation of puddles: After importing the DEM data, the puddle searching process can be initiated by clicking the button "Puddle Delineation." The map area can display the searching process that follows a hierarchical order (from the lowest to highest levels). Colors represent different levels. The status bar at the bottom of the interface shows the current level, current puddle, and the number of cells within the current puddle (Fig. 3) .
Step 3: Visualization of results: After completion of the puddle searching and identification process, the control panel displays a summary of puddle delineation, including puddle levels, and MDS and MPA for all levels. In addition, the detailed results can be visualized by a new map view or displayed in a series of summary tables (Fig. 4) . The new map view supports basic visualization functions, such as zooming and moving. Users can select and view the distribution of puddles at different levels. The summary tables include basic puddle delineation information and all details on puddles, their levels, centers, thresholds, storages, water-covered areas, as well as cells of any puddles and their coordinates (x, y, z).
Testing and Analysis
Tests of the puddle delineation algorithm and the associated software have been conducted for various scales. Small-scale soil surfaces were created and scanned by Fig. 4 . Visualization of the detailed delineation results using the instantaneous-profile laser scanner, from which high-resolution DEM data were obtained. Then, surface microtopography was characterized, and MDS and MPA were computed. As one of the testing examples, a small mold with an impervious rough surface was created and scanned by the laser scanner (Fig. 5) . The surface includes twelve first-level puddles of varying sizes.
The DEM was used for delineation of puddles and computation of their MDS values. In addition, colored water was used to fill depressions and the amount of water for fully filling each depression was recorded. Fig. 6a shows the distribution of puddles under the fully-filled condition (highest level). Note that some puddles have been combined. The developed software was applied to identify depressions, simulate the puddle filling process, and compute the storage volume of each identified puddle and the MDS of the entire area (Fig. 6b) . Then, the simulated depression storages were compared against the water volumes measured for the puddles and the differences were evaluated (Table 1) . It can be observed that the depression storages computed by the program are very close to the measured ones. The overall relative error for the ten puddles (Fig. 6b) is 2.01%. For the six larger puddles (Puddles 1 -6) with a storage volume greater than 5.0 mL, the relative error is only 0.90%. Thus, the algorithm is able to provide accurate estimation of depression storages for both individual puddles and the entire area.
(b) (a) Further testing of the puddle delineation program was conducted for a lab-scale rough soil surface (Fig. 7a ) and a real watershed-scale land surface (Fig. 8a) . A soil box was used to create the lab-scale soil surface. The surface was scanned by using the laser scanner. The acquired DEM was imported into the program and delineation was performed. Fig. 7b shows the distribution of the delineated puddles, which match the real ones (Fig. 7a) . The computed MDS and MPA of the soil surface are 1,425 cm 3 and 1,564 cm 2 , respectively. The watershed-scale 30-m DEM (Fig. 8a) was obtained from the USGS. Similarly, puddle delineation was performed. Nine puddle levels and 231 1 st level puddles were identified. The computed MDS and MPA of the land surface are 25.125 ×10 6 m 3 and 4.514 ×10 6 m 2 , respectively. Fig. 8b indicates that the new delineation program is able to identify all scale puddles and handle special topographical conditions, such as flats (the areas in yellow). Note that some small depressions/puddles in Fig. 8b may result from the DEM data processing. Unlike real depressions, such artefacts should be removed before the delineation results can be used for further watershed hydrologic or environmental modeling. 
Conclusions
An algorithm was presented in this paper for delineation of surface depressions/puddles and computation of maximum depression storage and maximum ponding area. A user-friendly, Windows-based software package also was developed to facilitate the computation and visualize the puddle delineation process and results. Tests of the algorithm and the associated software for various surfaces demonstrated that the program can be used as an efficient tool for characterizing surface microtopography, handling special surface conditions (e.g., flats), and precisely computing the depression storage of any individual puddle as well as the maximum depression storage of the entire surface based on raster DEM data.
